In observational studies, the presence of confounding can distort the true association between an exposure and a toxic effect outcome if the confounding variable is not controlled either in the study design or the analysis phase. While confounding is often assumed to occur in the same direction as the toxicant exposure, the relationship between the benefits and risks associated with fish and seafood consumption is a classic example of negative confounding: the exposure to methylmercury occurs from fish and seafood which are also associated with beneficial nutrients, thereby counteracting the signs of mercury toxicity. Mercury and nutrients may affect the same epidemiological outcomes, but most studies addressing one of them have ignored the potential negative confounding by the other. This article reviews the existing evidence of effects of both nutrient and contaminant intakes as predictors of neurodevelopmental and cardiovascular outcomes. Substantial underestimation of the effects of mercury toxicity and fish benefits occurs from the lack of confounder adjustment and imprecision of the exposure parameters. Given this inherent bias in observational studies, regulatory agencies should reconsider current dietary advisories to provide better guidance to consumers in making prudent choices to maintain a nutritious diet with seafood that is low in mercury concentrations. Attention should also be paid to the occurrence of negative confounding in other connections.
I. Introduction
Confounding is potentially present in all observational studies. It refers to a situation in which an association between an exposure and an outcome is distorted because it is mixed with the effect of a third variable -the confounding variable or the confounder. The confounding variable is related to both the exposure and the outcome, and it is not an intermediate step in the causal pathway between the exposure and the outcome (Rothman and Greenland, 1998) . The distortion introduced by a confounder can lead to an overestimation (positive confounding) or underestimation (negative confounding) of the true association depending on the direction of the effects the confounder has with regard to exposure and outcome. It is therefore important to anticipate and to control for the confounding variable to obtain a more precise estimate of the exposure effect.
Most attention is usually paid to confounders that affect the outcomes in the same direction as the exposure under study (positive confounding) (Blair et al., 2007) , but the control for negative confounding is crucial in epidemiological studies of toxic exposures. The absence of proper adjustment will lead to underestimation of the toxicity of the exposure on the outcome and likewise the benefits of the confounder. A better assessment of the chemical toxicity will facilitate proper prevention programs.
The relationship between the benefits and risks associated with fish and seafood consumption is an important public health issue. On the one hand, fish and seafood provide an important pathway for human exposures due to the biomagnification of toxicants, such as methylmercury, in freshwater and marine food chains. Mercury contamination is now the main reason for fishing advisories in the United States (U.S. EPA, 2004) . One the other hand, fish contains essential nutrients that may provide beneficial effects on brain development, and may prevent cardiovascular disease (CVD), thereby counteracting the adverse effects of methylmercury (Anon, The Madison Declaration on Mercury Pollution, 2007) . This situation appears to constitute a clear example of negative confounding -the factors that affect the same outcome are associated as they derive from the same food items, i.e., fish and seafood (Figure 1 ).
There is, however, considerable variability in mercury concentrations within and across species of dietary fish. Fish at low food chain levels have lower mercury concentrations. Similarly, there is considerable variability in the levels of long-chain polyunsaturated fatty acids (LCPUFA) across species. Fatty fish have higher levels of LCPUFA compared with lean fish, and freshwater fish largely have lower levels of LCPUFA compared with ocean fish (IOM/ NAS, 2007; Mahaffey et al., 2004a) . This paper focuses on methylmercury in fish and seafood as a case study to discuss the effect of negative confounding on neurodevelopmental deficits in children and the risk of CVD in adults if fish intake is not properly adjusted for. Methylmercury toxicity will first be outlined, then the essential nutrients in fish and seafood that are crucial to the developing brain and prevention of heart diseases. The paper then reviews the epidemiological studies on mercury and fish nutrient interaction in regard to neurobehavioral and cardiovascular outcomes before it discusses the degree of underestimation of dose-effect relationship that results from exposure imprecision. When negative confounding is present, a substantial imprecision of the confounder -fish intake -can cause a further underestimation of the mercury effect even after confounder adjustment.
We focus on studies providing the strongest evidence and relevance in evaluating the association of methylmercury on neurodevelopment in children and the CVD risk in adults as a case study to discuss the effect of negative confounding if fish intake is not properly adjusted for. MEDLINE searches included combinations of "mercury" or "methylmercury", "neurodevelopment" or "neurologic", "cardiovascular" or "coronary", "fish" or "fatty acids" or "omega-3", or "fish oils". We also used references cited in articles identified.
II. Methylmercury
Methylmercury is a worldwide contaminant found in seafood and freshwater fish. Toxic effects on the brain due to this organic mercury compound were first established in men with severe occupational exposure (Hunter and Russell, 1954) . Evidence from poisoning outbreaks in Japan and Iraq clearly demonstrated the severe and widespread damage that may occur to the brain when exposed to methylmercury during development. In Minamata, Japan, infants were born with serious neurological damage, even if their exposed mothers were virtually unaffected (Harada, 1995; Igata, 1993) .
Recent epidemiological studies have found more subtle adverse effects on brain functions at lower levels of methylmercury. Mercury-related neuropsychological dysfunctions were most pronounced in the domains of language, attention, and memory, and to a lesser extent, in visuospatial and motor functions; in addition, delayed latencies of the brainstem auditory evoked potentials (BAEP) were associated with both prenatal and recent methylmercury exposure (Debes et al., 2006; Grandjean et al., 1997; Murata et al., 2004) . A recent case-control study found that an increased blood mercury concentration was associated with attentiondeficit hyperactivity disorder (Cheuk and Wong, 2006) . Adverse effects of methylmercury exposure have also been associated with cardiovascular disease in adults. Epidemiological findings from Finland first showed that increases in mercury content in hair was associated with a progression of atherosclerosis and risk of cardiovascular diseases (Salonen et al., 1995 Virtanen et al., 2005) . Because of the beneficial effects of fish and seafood nutrients, these outcomes may therefore also be affected by negative confounding.
A. Nutrients in fish and seafood
Certain essential nutrients in fish and seafood may provide beneficial effects on brain development, and may protect against the development of heart disease, thereby possibly counteracting adverse effects of the toxicants. This counteraction could either involve a toxicokinetic interaction with methylmercury, but more likely the nutrients have an independent effect on the same outcomes as the food contaminant but in the opposite direction.
1. Polyunsaturated fatty acids-Fish and seafood are rich in long-chain n-3 polyunsaturated fatty acids (LCPUFA), mainly eicosapantaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) (Hearn et al., 1987; Raper et al., 1992) , which are essential for normal brain development (Innis 1991) . The LCPUFA control the composition of membranes, hence their fluidity, and consequently, the enzymatic activities, the binding between molecules and receptors, the cellular interactions, and the transport of nutrients (Bourre et al., 1989) . The growth of the human brain is the fastest from the beginning of the third trimester of gestation until about 18 months after birth (Innis, 1991) , during which the demand for LCPUFA is the greatest. Insufficient supplies of LCPUFA and other nutrients during this critical period may result in deficits in brain development (Innis, 1991) .
The LCPUFA in fish have also been suggested to play a key role in protecting against cardiovascular diseases (Doleck and Grandits, 1991; Kromhout et al., 1985) . Possible key features include prevention of ventricular arrhythmias, antithrombotic, inhibition of the synthesis of cytokines and mitogens, and atherosclerosis (Connor, 2000) .
2. Selenium-Selenium is a trace mineral that is essential to health. Fish and seafood, as well as eggs, meat, and vegetables are good sources of selenium. Selenium is a constituent of selenoproteins, which are important antioxidant enzymes and catalysts for the production of thyroid hormone (Rayman, 2000) . Although the physiologic functions of selenium in the brain are not well understood, studies have found that selenium and certain selenoproteins are particularly well maintained despite prolonged selenium deficiency, suggesting an important role of selenium in this organ (Chen and Berry, 2003; Whanger, 2001) . Low selenium levels have been reported to associate with accelerated progression of carotid atherosclerosis (Salonen et al., 1991) , but other studies have not shown a clear relationship (Rayman, 2000) .
Although methylmercury and selenium concentrations may be associated, selenium concentrations in ocean fish seem not to depend on fish size, while mercury concentrations increase with size (Kjellström, 2000) . Intake and content of selenium vary considerably between countries and regions of countries largely due to the differences in geography, agronomic practices, food availability and preferences (Combs, 2001; Rayman, 2008; WHO, 1987) . In China where toxic and deficient levels of selenium occur in different areas, an association between methylmercury and selenium levels was found in rice, but not in hair or blood samples (Horvat et al., 2003) . Positive associations of methylmercury and selenium have also been reported among pregnant mothers and fish consumers in Sweden, where the selenium intake is marginally adequate (Ask et al., 2002; Björnberg et al,. 2003; Svensson et al., 1992) . A moderate selenium and methylmercury association was observed in cord blood among the infants in Northern Quebec Inuit, where selenium intake levels are high (Muckle et al. 2001) .
Although selenium has been considered to potentially provide protection against mercury effects, cord-blood selenium concentrations in the Faroe Islands did not impact on mercuryassociated neurobehavioral deficits (Choi et al., 2008; Steuerwald et al., 2000) .
3.
Other nutrients-Among other nutrients, which may be supplied in part by seafood, iron is an essential component of proteins involved in oxygen transport, and is also essential for the regulation of cell growth and differentiation (Andrews, 2000) . Iron deficiency may have a direct effect on the central nervous system, impacting brain growth, neurotransmitter levels, as well as toxicity or intracellular deficiency (Pollitt, 1993) . Studies have found that iron deficiency has adverse effects on the cognitive and psychomotor development of children (Akman et al., 2004; Lozoff et al., 1987) . Associations between iron status and coronary heart disease have been inconsistent. High iron stores have been linked with increased risk of coronary heart disease in some studies (Salonen et al., 1992; Sempos et al., 1994) , but not others (Danesh and Appleby, 1999; Ma and Stampfer, 2002) .
Iodine, a trace element, is an essential component of thyroid hormones, which are required for normal development and metabolism. Fish and seafood are rich sources of iodine. Iodine deficiency is the leading cause worldwide of preventable mental retardation and brain damage (ICCIDD, 2005) . The central nervous system development depends on an adequate supply of thyroid hormone, which requires iodine for biosynthesis (Maberly, 1994a) . Infants and children with iodine deficiency are at risk for poor mental and psychomotor development (Bleichrodt and Born, 1994; Morreale et al., 1989) . The disorders increase with the extent of deficiency, with overt endemic cretinism as the severest consequence, resulting in irreversible mental retardation, neurological damage, and thyroid failure (Delange, 2000) .
Vitamin E may interact with selenium additively because of their similar antioxidant roles (Maberly et al., 1994b) . Fish is a source of Vitamin E, although vegetable oils are the most abundant sources. There is evidence to suggest that deficiency in Vitamin E may be associated with neurological functions in children and adults (Kalra et al., 1998; Sokol, 1989) .
B. Mercury effects and fish nutrient interactions in epidemiological studies
From the evidence available, methylmercury exposure may adversely affect the neurobehavioral development in children and may promote cardiovascular diseases. However, nutrients in fish and seafood may affect the very same outcomes, although in the opposite direction. Without addressing the negative confounding in the epidemiological study design or data analysis, an underestimation of the effect will occur both of the methylmercury exposure and of the nutrient intake, depending on which of the risk indicators that is chosen as the focus of the study. Unfortunately, the great majority of cohort studies in this field has focused either on the risk of methylmercury or on nutrient benefits, but not both. We therefore outline the different health outcomes and highlight the small number of studies that have aimed at examining the effects of both nutrient and methylmercury exposure at the same time as predictors of developmental and cardiovascular disease outcomes.
1.
Major prospective cohort studies on methylmercury exposure-Three major prospective cohort studies of methymercury-exposed children have been conducted in New Zealand, the Faroe Islands, and the Seychelles. Table 1 outlines the major differences between these three prospective studies. a. New Zealand: A cohort of 11,000 mothers, who gave birth to children in 1978, was initially screened (Kjellström et al., 1986) . Hair mercury concentrations were determined for 1000 mothers, who had consumed 3 fish meals per week during pregnancy. Seventy-three mothers (Pacific Island descent, 62%; Maoris, 27%; and Europeans, 11%) had a hair mercury level above 6 μg/g, thereby constituting the high-exposure group. At the first follow-up at age 4 years, 31 high-exposure children and 31 reference children with lower exposure were matched for potential confounders (i.e., mother's ethnic group, age, child's birthplace, and birth date). The high-exposure group showed significant lower scores on the Denver Developmental Screening test, a standardized test for childhood mental and motor development.
A follow-up of the original cohort was carried out at age 6 years. The 61 high-exposure children were matched with three control groups: one group with maternal hair mercury levels of 3-6 μg/g, and two groups with levels below 3 μg/g (one group with high fish consumption and an additional one with low fish consumption). Matching parameters included ethnic group, age, smoking habits, residence, and sex of the child. Psychological performance tests, which included the Wechsler Intelligence Scale for Children (WISC-R), the McCarthy scales for children's abilities (perceptual and motoric) and the Test of Oral Language Development (a standardized test used in child development studies in New Zealand) were strongly associated with the maternal hair mercury concentration (Kjellström et al., 1989) . This study included matching for the number of fish dinners during pregnancy and therefore may not require further adjustment for negative confounding.
b. Faroe Islands: The Faroe Islands are located in the North Atlantic between Norway, Shetland, and Iceland. Excess exposure to methylmercury is mainly due to the traditional habit of eating meat from the pilot whale in this fishing community. Fish intake varied but shows a positive association with whale intake. Ingestion of whale blubber causes exposure to lipophilic contaminants, notably polychlorinated biphenyls (PCBs). The first birth cohort consisted of 1,022 children born during a 21-month period in 1986-1987 (Grandjean et al., 1997) . Prenatal methylmercury exposure was determined from mercury concentrations in cord blood and maternal hair, both spanning a range of about 1000-fold. A total of 917 eligible children (90.3%) participated in the detailed examination at school age (7 years). The physical examination included a sensory function assessment and a functional neurological examination with emphasis on motor coordination and perceptual-motor performance. Main emphasis was placed on detailed neurophysiological and neuropsychological function tests that had been selected as sensitive indicators of abnormalities thought to be caused by methylmercury. A repeat examination was carried out at age 14 years, again with a high participation rate. The clinical test battery was similar to the one at 7 years. At the 7-year and 14-year follow-up examinations, decrements in attention, language, verbal memory, and to a lesser extent, in motor speed and visuospatial function were associated with prenatal methylmercury exposure (controlled for age, sex, and confounders). Delayed latencies of the brainstem auditory evoked potentials (BAEP), and decreased heart rate variability were also associated with mercury exposure (Debes et al., 2006; Grandjean et al., 1997; Murata et al., 2004) .
Another prospective study (cohort 2) of 182 singleton term births were examined by the Neurological Optimality Score (NOS) at age 2 weeks. Detailed information was obtained on exposures both to methylmercury and to lipophilic pollutants. The NOS showed significant decreases at higher cord-blood mercury concentrations, but neither with PCB nor with LCPUFAs (Steuerwald et al. 2000) .
c. Seychelles:
A pilot cohort study and a main study, each with approximately 800 motherchild pairs, were conducted in the Seychelles, an archipelago in the Indian Ocean . A hair sample was obtained from the mother six months after parturition. The hair segment that represented the pregnancy period was identified from the assumption that hair grows 1.1 cm per month. A subset of 217 children from the pilot cohort was evaluated at 66 months . Maternal hair mercury was negatively associated with the McCarthy General Cognitive Index, Perceptual Performance subscale, the Preschool Language Scale Total Language, and Auditory Comprehension subscale. After the authors had excluded apparent outliers, only auditory comprehension remained significant.
The main study included evaluation of the children at 6.5, 19, 29, and 66 months of age, and again at 8 years. No clear association with maternal hair mercury was found for most endpoints in these children . At 29 months there was an association between mercury exposure and decreased activity level in boys only, who also showed a possible mercury-associated delay in age for walking, but the latter was not significant when adjusted for confounders, which did not include fish intake. However, adjustment included the postnatal methylmercury exposure (Myers et al., 2003) , but the extent to which this adjustment affected the findings is unclear.
A new longitudinal study of 300 Seychellois mother-child pairs was undertaken to assess the relationship between maternal mercury exposure and measures of LCPUFA with neurodevelopment in the children Strain et al., 2007) . Psychomotor development at 9 months of age increased with increasing maternal serum LCPUFA concentration and decreased with increasing maternal hair methylmercury concentration at 30 months of age. The adverse associations with methylmercury appeared only when nutrient status was added as a covariate, whereas the positive associations of developmental tests with LCPUFA likewise became much stronger after adjustment for methylmercury. LCPUFA data are not available from the previous Seychelles cohorts.
2. Neurodevelopmental outcomes-Tools used for outcome measurement need to be sensitive, specific and as independent as possible from study-specific administration procedures and cultural environment. Most studies employed a battery of neurobehavioral tests, some of which appeared to be more sensitive to mercury neurotoxicity than others, possibly due to superior psychometric properties, not necessarily greater sensitivity to mercury. Test results summarized as regression coefficients expressed as a proportion of the standard deviation, or as a delay in mental development calculated from the regression coefficient for age may provide guidance for identifying the most sensitive parameter. Benchmark dose levels may also be used as a basis for comparison. Thus, the most sensitive neurological, neuropsychological, and neurophysiological effect parameters all exhibit benchmark dose levels of 5-10 μg/g hair (NRC, 2000; Murata et al., 2004) . Despite the great variability of the study settings and the outcome variables, a substantial degree of concordance exists and that the combined evidence is quite convincing in regard to the dose-response relationship.
a. Neurological tests: Neurological examination has been included in prospective studies (Steuerwald et al., 2000) and cross-sectional studies (Cordier et al., 2002; Marsh et al., 1995) . The clinical tests, however, provide only suggestive evidence linking low-dose methylmercury exposures to detectable abnormalities. The absence of clear, positive findings most probably reflects the lack of sensitivity of this type of examination within this range of exposures and the potential imprecision in assessment due to the subjectivity of the evaluation.
b. Neuropsychological tests:
While likely to be more sensitive in revealing early neurotoxic changes, neuropsychological tests require that the administration is standardized, and they may show examiner-dependence. In addition, they may be sensitive to details in the test situation, such as the use of an interpreter, and other aspects that may be important when a test is used in a particular culture different from the one where it was originally intended for.
Traditionally, studies in this field have included standard intelligence batteries. For example, the Wechsler Intelligence Scale for Children (WISC) and the McCarthy Scale of Children's Abilities were included in New Zealand (Kjellström et al., 1989) as well as the Seychelles (Davidson et al., 2001; Myers et al., 2003) . These intelligence tests may not be the most appropriate and sensitive for methylmercury toxicity, although significant results were found on WISC and McCarthy in New Zealand. Some WISC subtests were administered by an interpreter, e.g. in Madeira (Murata et al., 1999b) , thereby making the test results less reliable. The approach to neurobehavioral assessment taken by the Faroes was to emphasize tests that reflected functional domains (e.g. attention, motor speed, verbal memory) most likely to be affected by developmental methylmercury exposure, as judged from the location of neuropathological lesions in poisoning cases and as illustrated by studies of other developmental neurotoxicants, especially lead. The Boston Naming test (language) showed a wide range of responses and appeared to be the most sensitive and reliable outcome (NRC, 2000) .
Similar methods have been used in studies of LCPUFA, which are transferred via the placenta or supplied in human milk as necessary nutrients for normal brain growth and development in infancy and also likely to play an important role in the development of infant cognition (Clandinin et al., 1989; Willatts and Forsyth, 2000) . The assessment of cognitive benefits in children who were breastfed is hampered by the difficulty to disentangle the subtle effect of breastfeeding from its socioeconomic determinants (Zhou et al., 2007) . Although the majority of studies conclude that breastfeeding promotes intelligence, the evidence from higher quality or more recent studies is less persuasive (Der et al., 2007; Jain et al., 2002) . The role of LCPUFA is most clearly documented in randomized clinical trials.
Assessments on infant cognitive function included the Bayley MDI performance, the Fagan Test of Infant Intelligence, and the MacArthur Communicative Development Inventory (Willatts and Forsyth, 2000) . Randomized studies on the effects of LCPUFA supplementation in infant formula have compared growth, measures of visual, motor, and mental development for both preterm and term infants (EFSA, 2005; Mahaffey, 2004a; Mozzaffarian and Rimm, 2006; Willatts and Forsyth, 2000) . The results, however, have been inconsistent. For example, infants 18 months of age who were fed with formula supplemented with LCPUFA had higher Bayley MDI performance than the controls in one study (Birch et al., 2000) , but not in another (Lucas et al., 1992) . However, studies assessing the influence of LCPUFA on development of specific cognitive behaviors have shown a significant advantage for supplemented infants on measures of visual attention and problem solving, suggesting LCPUFA may enhance information processing or attention regulation in infants (Willatts and Forsyth, 2000) .
c. Neurophysiological tests:
As an objective means of evaluation of brain dysfunction likely to be less sensitive to motivation or socioeconomic confounding, neurophysiological tests have been applied in several studies. Their applicability requires advanced instrumentation and depends on skilled examiners. An outcome that has been previously found to be sensitive to lead exposure is brainstem auditory evoked potentials. Patients from Minamata, Japan, with congenital methylmercury poisoning exhibited delays in auditory brainstem evoked potential latencies (Hamada et al., 1982) . The latency of peak III was significantly increased at higher intrauterine exposure to mercury. Parallel associations were found in 7-year-old children in the Faores (Murata et al., 1999a) and in Madeira (Murata et al., 1999b) , and this observation was replicated in the Faroese cohort when examined at 14 years (Murata et al., 2004) . As a parameter primarily affected by postnatal exposure, this particular outcome may provide unique insight in comparison with other functions sensitive to methylmercury during fetal development.
d. Visual function: Visual function and visual evoked potentials were not associated with mercury exposure in studies that did not account for possible beneficial effects of seafood nutrients (Grandjean et al., 1997 (Grandjean et al., , 2001 . LCPUFA is particularly important for normal visual development. Thus, DHA normally accounts for greater than one-third of the total fatty acids of the brain gray matter (O'Brien et al., 1964; Crawford et al., 1976) and the retina of the eye (Anderson, 1970; Tinoco et al., 1977) , and most of the prenatal accumulation of DHA in brain (Clandinin et al., 1980; Martinez, 1991) and retina (Martinez et al., 1988) in humans occurs in the last intrauterine trimester. Although DHA and the n-6 fatty acid arachidonic acid (AA) are the major structural components of the central nervous system, there is currently no consensus whether dietary supplementation of LCPUFA provides benefits for visual development of infants (Eilander et al., 2007) . This evaluation considered effects of supplementation of pregnant and/or lactating women with DHA (no supporting evidence), effects of supplementation of preterm infants with DHA and AA on visual development at <6 months (inconclusive) and effects of supplementation of term infants at high doses on visual development during the first year of life (consistent evidence).
3. Nutrient and methylmercury exposure as predictors of developmental outcomes-Only a small number of studies have aimed at examining the effects of both nutrient and contaminant intakes at the same time as predictors of developmental outcomes. Three studies, in particular, showed that the effects of both nutrient and contaminant intakes were strengthened when both maternal fish intake and prenatal methylmercury exposure were included at the same time when modeling the outcomes (Oken et al., 2005; Budtz-Jørgensen et al., 2007; Myers et al., 2007; Strain et al., 2007) . They will be reviewed later in this section. Among the other studies, a cohort of British children reported a beneficial association on developmental score with fish intake by mother during pregnancy and by the infant postnatally, while no clear effect of mercury concentrations in umbilical cord tissue (wet weight) was found (Daniels et al., 2004) . However, the wet weight mercury concentration in the cord may be subject to some variability, thereby increasing the imprecision of the mercury exposure parameter at the low levels encountered.
In the smaller Faroese birth cohort 2, adverse neonatal neurological function was associated with increased prenatal methylmercury exposure, but neither n-3 fatty acids nor selenium provided any detectable beneficial or protective effect on this outcome (Steuerwald et al., 2000) . No evidence that selenium was an important protective factor against mercury neurotoxicity was found in the Faroese birth cohorts 1 and 2 up to age 7 years (Choi et al., 2008) .
In a Polish cohort of one-year old infants who were born to mothers exposed to low amounts of mercury during pregnancy, an association was found between cord blood and maternal blood mercury levels and delayed psychomotor development of infants. However, maternal fish intake was not included for adjustment in the analysis. Relationship between fish consumption in these mothers during pregnancy and mercury levels was assessed separately. In each trimester of pregnancy, fish intake was significantly associated with both maternal and cord blood mercury levels (Jedrychowski et al., 2006) . Three studies have found stronger effects of nutrient and contaminant intakes when both maternal fish consumption and prenatal methylmercury exposure were included in modeling the same neurodevelopmental outcomes (Oken et al., 2005; Budtz-Jørgensen et al., 2007; Strain et al., 2007) :
Project Viva (Oken et al., 2005) : A small US study of neurodevelopment in infants suggested that maternal mercury exposure and fish intake has opposite effects on infant cognition. Table  2 shows the results that higher fish intake was associated with higher infant cognition after adjusting for participant characteristics, and the association was strengthened after adjustment for hair mercury. Both were statistically significant only in the joint regression equation. After adjustment for covariates including fish intake, an increase of 1ppm in maternal hair mercury was associated with a decrement in cognition score of 7.5 points (compared to 4.0 points without adjustment for fish consumption). Similarly, for each additional weekly fish serving consumed by mother, the child's cognition score was 4.0 points higher (compared to 2.8 points without adjustment for maternal hair mercury). Similar results were found with the recent follow-up of the cohort at 3 years of age with stronger associations between higher fish intake and better child cognitive test performance, and higher mercury levels with poorer test scores when both fish and mercury were adjusted (Oken et al., 2008) .
Faroe Islands (Budtz-Jørgensen et al., 2007):
Adjustment for the benefits conferred by maternal fish intake during pregnancy resulted in an increased effect of the prenatal methylmercury exposure as compared to the unadjusted results in an analysis of structural equation modeling of the first Faroese birth cohort. Table 3 shows the previously reported mercury regression coefficients changed toward a larger mercury effect. The p-values for the mercury effect also decreased. For example, after adjustment for fish intake, the adverse mercury effect on motor function was 12.2 (p-value=0.0092) (compared to 9.74, p-value=0.034 without adjustment for fish intake) at 7 years, and 9.37 (p-value=0.0082) (compared to 7.41, p-value=0.033 with no fish adjustment) at 14 years. Fish intake had a beneficial effect on all the outcome functions considered, but was statistically significant only for the motor functions at 7 and 14 years of age, and spatial function at 14 years. The relatively limited impact on the mercury effect caused by adjustment for fish intake is probably due to the fact that the main source of methylmercury is pilot whale meat, and the association between mercury concentrations and frequency of fish dinners is weak (r = 0.25).
Seychelles (Myers et al., 2007):
A new Seychelles study found that at 30 months of age, the psychomotor development decreased with increasing maternal hair methylmercury concentration when nutrient status was adjusted, whereas the positive associations of developmental tests with LCPUFA became much stronger when methylmercury was adjusted. A similar effect on the previously published results is likely.
Cardiovascular outcomes-
Although the developing brain is considered the critical target organ in regard to methylmercury, recent evidence has suggested that mercury from fish and seafood may promote or predispose to the development of heart disease. Studies in this field are complicated by negative confounding, as several cohort studies have found an inverse relationship between fish consumption and LCPUFA and mortality from coronary heart disease, although not all studies were supportive of a cardioprotective effect of LCPUFA (EFSA, 2005; Hallgren et al., 2001; IOM/NAS, 2007; Mozaffarian and Rimm, 2006) . While this evidence is yet inconclusive, it deserves attention because it suggests that a narrow definition of subpopulations of interest, i.e., pregnant women, might leave out other vulnerable groups. We suggest that the presence of unadjusted negative confounding may be a major reason that the evidence still appears inconclusive or equivocal.
The first studies of methylmercury-associated cardiovascular disease were carried out in Finland (Salonen et al., 1995) . An important report showed that the intima-media thickness of the carotid arteries was apparently associated with mercury exposure from fish . More recent information tends to support these findings. A later study of Finnish men reported that an increased mercury exposure was associated with increased risk of acute coronary events and cardiovascular mortality, and that mercury also seemed to attenuate the protective effects of fish on cardiovascular health (Virtanen et al., 2005) . These results are shown in Table 4 . A large multi-center study from Europe showed an increased risk of cardiovascular disease associated with toenail mercury concentrations, and that high mercury content may diminish the cardioprotective effect of fish intake (Guallar et al., 2002) . In a U.S. study of health care workers, only a minimal risk was seen even with the adjustment of n-3 fatty acid intake from fish in the multivariate models. However, after the exclusion of dentists with high toenail-mercury concentrations likely due to amalgam exposures, the mercuryassociated risk in other health professionals was similar to the one observed in the European study, although not statistically significant (Yoshizawa et al., 2002) .
A possible mechanism may be induction of lipid peroxidation. In this regard, it is interesting to note that while essential fatty acids from fish may reduce the risk of acute coronary events, a high mercury content in fish could attenuate this beneficial effect (Rissanen et al., 2000) . For example, men in the two lowest thirds of hair mercury (0-2 μg/g) who were also in the highest fifth of serum fatty acids had a 67% reduced risk of acute coronary events compared to men in the highest third of hair mercury who were at the same time in the lowest fifth of the serum fatty acids (Table 4 ). The increased risk seems to occur at hair-mercury concentrations above 2 μg/g, i.e., only twice the level corresponding to the U.S.EPA Reference Dose (a daily intake level designed to be without a significant risk of adverse effects over a lifetime).
Regular consumption of fish oil supplements appears to reduce the risk of coronary artery disease in some observational studies (Saldeen et al. 2002; von Schacky et al. 1999) but not others (Sacks et al. 1995) . Recent randomized controlled trials have shown that LCPUFA in fish oil or fish can play a role in secondary prevention of coronary heart disease (Harper and Jacobson, 2005; Kris-Etherton et al., 2002) . For example, the Diet And Reinfarction Trial (DART) reported a reduction in all-cause mortality in male myocardial infarction survivors advised to increase their intake of oily fish (Burr et al., 1989) . Another randomized, placebocontrolled study of Indian patients found significantly lower non-fatal myocardial events in the fish oil and mustard oil groups (Singh et al,. 1997) . A Norwegian study, however, reported no benefit in myocardial infarction patients who were given fish oil capsules compared with placebo, possibly due to the high habitual fish consumption among the general population in the area, with fish oil supplementation conferring no additional benefit (Nilsen et al., 2001) . Results of the GISSI trial, the largest prevention study, found that PUFA supplements, but not Vitamin E, significantly reduced the risk of total mortality, nonfatal myocardial infarction, and stroke (GISSI-Prevenzione Investigators, 1999) . The relative risks of cardiovascular death and of sudden death were also significantly reduced. These benefits were apparent within four months of randomization. The available studies point to an antiarrhythmic effect as a beneficial mechanism of LCPUFA on coronary heart disease (Kris-Etherton et al., 2002) .
While most observational studies categorized fish intake on the basis of questionnaires, the randomized controlled trials mostly used capsules with and without LCPUFA. Commercially available fish oil capsules contain 20% to 80% of EPA and DHA by weight (200-800 mg/g) and also variable amounts of PCBs and dioxins (Mozaffarian and Rimm, 2006) . Data concerning the level of mercury in commercial fish oil supplements are limited; a recent study tested five popular brands of fish oil supplements and found that they contained little or no mercury (from non-detectable (<6 μg/L) to negligible (10-12 μg/L)) (Foran et al. 2003) . Similar results were reported in an analysis of popular fish oil supplements (Schaller 2001) . Other brands of fish oils may have more mercury, depending on the source of fish and the processing. The presence of contaminants in both fish and fish oil supplements suggests the presence of negative confounding (Grandjean, 2005c) . Additional studies are needed to better assess both benefits and risks of fish oil supplements. A useful approach may be to apply LCPUFA produced by certain species of marine algae that can be cultured industrially to provide the "fish" oil (Wen and Chen, 2003) as a promising alternative and contaminant-free source (Arterburn et al. 2007 ). However, plasma LCPUFA concentrations after fish or fish oil capsule intakes showed that LCPUFA from fish were more effectively incorporated into plasma lipids than when administered as capsules (Visioli et al. 2003) . These issues may be of particular relevance during early development. Thus, among the preterm infants in a randomized clinical trial of dietary LCPUFA, synthesis of AA and DHA was found to decrease with age and was dramatically lower in by 7 months of age (Carnielli et al., 2007) , thereby suggesting that PCPUFA synthesis is far from trivial in early life.
C. Other confounding variables
Fish and seafood are a primary source of EPA and DHA (IOM, 2007) , but eggs and chickens, although not particularly rich sources, may contribute to the EPA and DHA content if frequently consumed. Plant sources, such as walnuts and flaxseed oil, contain ALA that can be converted to EPA and DHA. However, humans do not convert EPA or DHA from ALA at rates high enough to reach recommended intake levels (Pawlosky et al. 2001) .
Apart from the intake of fish and seafood, and other non-fish based LCPUFA sources, other confounding variables may be of importance. Socioeconomic conditions vary substantially between the three major prospective studies on the neurotoxicity of methylmercury -New Zealand (Kjellström et al., 1986 (Kjellström et al., , 1989 , the Faroe Islands (Grandjean et al., 1997; Debes et al., 2006) , the Seychelles (Myers et al., 2003; Davidson et al., 2006 ) -as well as other crosssectional studies. Within each study, socioeconomic differences may not be unimportant and independent of mercury exposures and should then be included in the confounder adjustment. For example, high intakes of methylmercury have been reported in certain ethnic groups (Innis et al., 2006; Sweeney et al.; and in social strata with a high sushi intake (Hightower and Moore, 2003) , and vulnerability to contaminant effects may differ between socioeconomic groups.
Potential confounding was taken into account in previous studies of methylmercury neurotoxicity. For example, in the follow-up of the New Zealand birth cohort at ages 4 and 6 years, children whose mother had high hair mercury concentrations and reference children with lower exposure were matched for potential confounders including mother's ethnic group, age, child's birthplace, and birth date. In addition, study and control children were stratified according to fish consumption of mothers during pregnancy (Kjellström et al., 1986 (Kjellström et al., , 1989 . Significant decrements in test performance in the children prenatally exposed to increased doses of methylmercury were found.
Other potential confounders include the family and home environment, which are documented as important determinants of childhood development. For example, in the New Zealand study, low social class and non-English home language reduced the score on some tests, and more than 6 months of breastfeeding increased the score on some tests (Kjellström et al., 1989) . These variables were accounted for in the analysis.
Exposure to other toxicants should also be considered. The Faroese, for example, are exposed to polychlorinated biphenyls (PCBs) from eating whale blubber (Grandjean et al., 1997) . However, no important impact of PCB exposure on the neurotoxicity outcomes were shown from detailed analyses of the Faroes data (Budtz-Jørgensen, 1999; Grandjean et al., 2003a; Steuerwald et al., 2000) . The relative importance of PCB and mercury was assessed in structural equation analysis taking into account the imprecision in both variables. The inclusion of PCB exposure attenuated the mercury effect, but mercury remained statistically significant, while PCB was far from that (Budtz-Jørgensen et al., 2002) . In New Zealand and Seychelles, the ocean fish consumed is unlikely to be contaminated by PCB, and the same would be the case with freshwater fish in the Amazon Basin (Grandjean et al., 1999) .
Among major reasons why a mercury effect might have been overestimated, an expert group pointed to possible association of mercury intake with exposure to other neurotoxic pollutant (s) and other types of residual confounding (NIEHS, 1998) . The best protection against confounding problems is to select a study setting where such concerns are unlikely and, if relevant, may be adjusted for appropriately. Thus, a homogenous society with limited difference in socioeconomic and cultural factors should be preferred. Although the existence of residual confounding can never be fully excluded, "phantom" covariates should not be uncritically invoked to explain away biologically plausible associations between methylmercury exposure and adverse effects. Disproportionate attention is usually concentrated on confounders that affect the outcomes in the same direction as the exposure under study. However, the control for negative confounding (opposite effect of the exposure) can be crucial in epidemiological studies. The absence of proper adjustment will lead to underestimation of the toxicity of the exposure on the outcome and the benefits of the confounder. In the case of methylmercury and fish, the toxicity of mercury and the benefits of the nutrients in fish and seafood will both be underestimated.
D. Exposure Imprecision
Standard multiple regression methods are often used to control for confounding effects. Even in the absence of confounding, adjustment for such established predictors such as sex, age, and maternal intelligence are usually included to obtain a more precise estimate of the mercury effect. In general, the prudent approach would be to include all covariates that may be potential confounders. However, in situations where the exposure is measured with some degree of imprecision, this approach may result in biased estimates. Inclusion of such covariates, which are associated with the exposure but without any explanatory power in regard to the effect, will then increase the underestimation of the effect of the exposure of interest .
The purpose of an exposure assessment is to provide a correct measure of exposure in terms of the amount that has reached the toxicological target during the relevant time period. Because the validity depends on the degree to which the exposure biomarkers reflect the "true" exposure, they can be considered only proxy variables, which are always imprecise to some extent (Grandjean et al., 2005a) . In addition, the degree of imprecision of the exposure data is usually unknown. This issue is important since exposure misclassification (i.e., errors in matching the exposure-based biomarker of dose to the observed effect) is likely to cause underestimation of the true effect of the exposure.
In prospective studies, samples for mercury analysis have included maternal hair, cord blood, and cord tissue. Scalp hair is the most frequently used sample for methylmercury exposure assessment . However, hair mercury concentration is subject to variability such as hair type, hair color, external contamination and leaching due to permanent hair treatments Yamamoto and Suzuki, 1978; Yasutake et al., 2003) . These factors might well account for the greater overall imprecision of this biomarker. The blood concentration of methylmercury is often considered the appropriate indicator of the absorbed dose and the amount systemically available, but this biomarker may also be subject to possible variation (Grandjean and Budtz-Jørgensen, 2007) . The dry-weight-based mercury concentration of the cord tissue seems to be a more precise parameter than the level expressed on a wet-weight basis (Grandjean et al., 2005b) .
In assessing exposure biomarker imprecision and providing proper adjustment for its consequences, Grandjean and Budtz-Jørgensen (2007) documented that cord blood is the best available indicator of prenatal methylmercury exposure. However, the results also suggested that even the best exposure biomarker may be much more imprecise than suggested by laboratory quality data.
Exposure imprecision and thus misclassification will generally be non-directional, thus leading to an underestimation of dose-effect relationships (Grandjean et al., 2003b) . This problem may be exaggerated by potential confounders that are correlated with the exposure. Inclusion of these variables in a regression may further add to the bias toward the null hypothesis, even in the cases where the potential confounder has no independent effect on the outcome .
Maternal dietary questionnaires have also been used to obtain information for the frequency of fish and seafood consumption. If detailed data on nutrient absorption levels are absent in the dietary questionnaire, the crude dietary variable will have substantial imprecision, thereby limiting the power to identify the effect of the confounder -fish intake. This imprecision also causes an underestimation of the fish-adjusted mercury effect (Budtz-Jorgensen et al., 2007) . The distribution of mercury (and other chemicals) and LCPUFA (and other nutrients) are not homogenous in species of fish and seafood. There is a potential problem when established categories of fish consumption do not reflect well on mercury exposure. A recent observational study found no support for the advice that women of childbearing age should avoid highmercury fish and eat up to 340 g of fish and shellfish per week (Hibbeln et al., 2007) . This conclusion might have been obscured by the use of an exposure variable reflecting LCPUFA contents rather than methylmercruy (Mahaffey and Schoeny, 2007) .
III. Discussion
When exposure to a toxicant occurs from a food source that is also associated with essential or beneficial nutrients, as in the case of methylmercury in fish and seafood, negative confounding occurs, resulting in underestimation of both mercury toxicity and fish benefits. The present paper demonstrates the likely substantial importance of negative confounding in this connection. This phenomenon may also play a role in other toxicity assessments. The balance between breastfeeding benefits versus lactational toxicant exposure is another example of negative confounding, and the effect of breastfeeding on intelligence of children has been equivocal. Some studies have shown beneficial effect of breastfeeding on neurodevelopment (Kramer et al., 2008; Lanting et al., 1998; Lucas et al., 1992; Rogan and Gladen, 1993) , but environmental toxicants, particularly PCBs and dioxins, are transferred through breast milk from mother to the child and may cause adverse effects (Jacobson et al., 1984; Walkowiak et al., 2001) . Without controlling for the beneficial aspects of breastfeeding, the toxicity of PCBs and dioxins on neurodevelopment would be underestimated, as a result of negative confounding. Likewise, the benefits of breastfeeding may appear less when the effect is quenched by contaminant exposures. Nitrate and vegetables in regard to cancer development is another example of negative confounding as vegetables intake may protect against certain types of cancer, but rucola and other leafy vegetables can contain large amounts of nitrate, a risk factor for the formation of nitrosamines, which are carcinogenic (EFSA, 2008) . The issue of potential negative confounders is relevant in regard to a range of exposure sources and toxic hazards, as illustrated in Table 5 . Proper adjustment of the negative confounding variables is deemed important in obtaining a more precise estimate of the dose-effect relationship.
To clarify the confusion the public has on the relative risks and benefits of fish and seafood consumption, advisories against mercury contamination and recommendations on nutrient intakes must be reconciled. Unfortunately, the great majority of cohort studies in this field has focused either on the risk of methylmercury or on nutrient benefits. For example, the results of an observational cohort study reported beneficial effects on child development at maternal seafood intakes of more than 340 g per week, a recommended level for pregnant women or women likely to become pregnant (Hibbeln et al., 2007) . However, the study focused on the nutrient benefits in fish only and failed to adjust for local seafood contaminants, such as methylmercury or PCBs; although the authors discussed the potential harmful effects of methylmercury. In a review, Mozaffarian and Rimm (2006) performed analyses of studies to evaluate methylmercury contamination and cardiovascular disease. A non-significant overall pooled relative risk of 1.12 was reported, but the meta-analysis included studies with dentists as participants, who were mainly exposed to inorganic mercury from amalgam, and not methylmercury from fish intake and therefore should have been excluded. However, the authors acknowledged that methylmercury may be a risk factor for cardiovascular disease but that potential risks and benefits of fish intake must be considered in context.
Among the small number of studies that examined the effects of both nutrient and methylmercury at the same time as predictors of developmental outcomes (Daniels et al., 2004; Oken et al., 2005; Steuerwald et al., 2000) , the results were probably affected by the imprecision of the exposure parameters, which may bias the findings toward the null hypothesis and exaggerate the effects of confounding . Likewise with the small number of epidemiological studies of cardiovascular parameters that included both fatty acid intakes and mercury exposures (Guallar et al., 2002; Virtanen et al., 2005; Yoshizawa et al., 2002) , the results most likely underestimate the true effect of methylmercury exposure because of misclassification of methylmercury exposure that was based on the mercury concentration in toenails or hair (Budtz-Jørgensen et al., 2007) .
None of the three major prospective studies of developmental methylmercury neurotoxicity used for risk assessment incorporated adjustment for fish intake in the data analysis (NRC, 2000) . The New Zealand study is likely affected to a lesser degree by confounding because the study design required matching of maternal high fish intake at different levels of methylmercury exposures (Kjellström et al., 1989) . The confounding may be greater in the Seychelles as the average fish intake is high, and because the methylmercury exposure originates solely from fish (Clarkson and Strain, 2003) . To compare the three studies, differences in exposure assessment, sources of bias, and the sensitivity of the outcome parameters to subclinical neurotoxicity must also be taken into account (Grandjean et al., 2005a) . Despite the apparent differences among the populations, they may not necessarily be in disagreement. For example, when the maternal hair mercury concentration is selected as the exposure biomarker in both the Faroes and the Seychelles studies, and the Boston Naming Test is used as the outcome parameter, the confounder-adjusted regression coefficients from the two studies do not differ to a statistically significant extent . The results would likely be more similar if the confounding effects of nutrients could be separated from the effects of methylmercury (Budtz-Jørgensen et al., 2007) .
The negative confounding in the case of methylmercury in seafood and fish results from the effects of a related, but beneficial parameter -nutrients originating from the same source. While adjustment for the negative confounding is crucial, the imprecision of this confounder may by itself also cause substantial underestimation of the effects of methylmercury toxicity. Future studies should assess both beneficial and adverse effects of fish and seafood intake at the same time using reliable exposure parameters to separate the opposite impacts on the outcomes.
The distribution of LCPUFA and methylmercury concentrations in fish and seafood are not homogenous. There are species that have a high content of beneficial nutrients, but do not necessarily contain much mercury (Gochfeld and Burger, 2005; Levenson and Axelrad, 2006; Mahaffey, 2004a; IOM/NAS, 2007) . Lower mercury concentrations are usually present in younger specimens, small species, lower in the food chain; the nutrient contents appear to be relatively independent of these factors. Several species of salmon, mackerel, and herring are high in LCPUFA, providing an average of ~1.5 g combined EPA and DHA/100 g tissue, but typically average <0.1 μg/g mercury (Mahaffey, 2004a) . On the other hand, the four fish species that have been on the federal FDA and EPA joint advisory (swordfish, tilefish, shark, and king mackerel) provide only ~0.3 g combined EPA and DHA/100 g edible tissue, and average ≥1 μg/g mercury. These four species contain one-fifth the amount of the major LCPUFA and more than ten times as much mercury as do several species of salmon, mackerel, and herring (Mahaffey, 2004a) .
Given the presence of negative confounding and the likely underestimation of the effects of both toxicants and nutrients, consumers should be well-advised to make prudent choices in maintaining a nutritious diet with seafood that is low in mercury. Regulatory agencies should develop risk communication strategies for balanced messages regarding nutrients and mercury to assist the consumers in making this choice (Mahaffey, 2004b) , which now appears even more important than before, for two reasons. In the light of negative confounding, this need would seem to be greater, because methylmercury appears to be more toxic than previously thought, and because the benefits of fish and seafood nutrients may also have been underestimated, both due to negative confounding. Negative confounding: fish intake (a negative confounder) is positively associated with both methylmercury (exposure) and neurodevelopment or cardiovascular health (outcome), and the exposure has adverse effects on the outcome. Failure to adjust for fish intake would result in underestimation of both mercury toxicity and fish benefits. Main differences between three major prospective studies of methylmercury-exposed children Association of maternal second-trimester fish consumption and maternal hair mercury at delivery with infant cognition at 6 months: results from six linear regression models adjusted for participant characteristics among 135 mother-infant pairs in Project Viva (Oken et al., 2005) .
Change in VRM score [% novelty preference (95%CI)] Model
Effect per weekly fish serving Effect per ppm maternal hair mercury Fish only 2.5 (−0.01 to 5.0) -Fish and participant characteristics 2.8 (0.2 to 5.4) -Mercury only -−4.6 (−10.3 to 1.1) Mercury and participant characteristics _ −4.0 (−10.0 to 2.0) Fish and mercury 3.9 (1.2 to 6.5) −8.1 (−14.1 to −2.0) Fish, mercury, and participant characteristics 4.0 (1.3 to 6.7) −7.5 (−13.7 to −1.2)
Mercury effects on neurobehavioral tests at 7 and 14 years of age, as determined in structural equation analysis with covariate adjustment before and after addition of the frequency of maternal fish dinners during pregnancy (Budtz-Jørgensen et al., 2007) .
Mutual adjustment
Mercury without adjustment for fish intake Relative Risk (RR) associated with serum fatty acids according to hair mercury levels (Rissanen et al., 2000; Virtanen et al., 2005) 
